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INTRODUCTION
Ecologists and paleoecologists have become increasingly interested in questions of spatial and temporal scale. Regional processes and historical events are now widely recognized as playing vital roles in shaping biological communities (e.g., Ricklefs and Schluter 1993, Brown 1995) . The fossil record is by far the richest source of information on the historical events behind extant communities, and, more generally, on the behavior of communities over macroecological and macroevolutionary time scales (103 yr or more). Two themes emerge strongly from paleoecological analyses: (1) the individualistic behavior of species and higher taxa, and (2) the biotic interactions that nevertheless can affect large-scale patterns. The apparent contradiction arises from the plethora of spatial and temporal scales that concern paleoecologists.
THE PRESERVATION FILTER
Most paleobiologists operationally define a community as a spatially and temporally recurrent association of species, without implying that those species I For reprints of this Special Feature, see footnote 1, page 1319.
behaved as a functional unit or that biotic interactions determined the structure of that association (Dodd and Stanton 1990, Springer and Miller 1990 ). The localized species assemblages of the fossil record are, however, several steps removed from their once-living sources (see Kidwell and Flessa's 1995 review of factors that govern the fidelity and resolution of the fossil record, from which this brief sketch is drawn).
Fossil communities most often consist of species, or body parts of species, with high potential for fossilization due to a mineralized skeleton or resistent cuticle. Thus, not all members of a community are equally preserved, and accordingly we have literally billions of Ordovician brachiopods and Miocene oak pollen grains, but only a few jellyfish and earthworms. For the readily preserved components of both marine and terrestrial communities, significant transport out of the original life habitat generally affects few individuals, and only a few taxa and habitats are subject to strong transport effects. Further, virtually all species with preservable hardparts tend to be present in local fossil assemblages, commonly in correct rank abundances, although the smaller body sizes are underrepresented. This fidelity is most clearly documented for marine mollusks and leaf assemblages; other benthos and ter-restrial vertebrates show consistent patterns but are less studied.
A more insidious limit to the resolving power of the fossil record is the scale of time-averaging, in which fossils from successive time intervals are mixed by physical and biological agents (the latter ranging from trampling by wildebeest to relocation within a marine sediment by burrowing organisms). This process can mix remains from successive generations, obliterating the record of short-term variation and sometimes blending once-discrete communities into composite assemblages. On the other hand, when analyzed carefully time-averaged assemblages can provide an excellent record of the natural range of community composition on the 102-103 yr time scale. Some kinds of communities, such as hard-substratum marine communities and terrestrial macrofloras, hold out promise at finer scales. Furthermore, less time-averaged snapshots can be captured in many settings because sedimentation is episodic and thus can capture short-term events. Timeaveraging nonetheless imposes the primary trade-off in the fossil record: a uniquely long temporal perspective but a relatively coarse temporal resolution within it. The resolution is still narrow, however, relative to the average durations of species (106-107 yr). The fossil record thus permits exploration of potential effects of independence and interaction among co-occurring species and higher taxa over long spans of time and large spatial scales.
INDIVIDUALISTIC BEHAVIOR OF

FossIL SPECIES
Quaternary communities and climatic change
The fossil record of the past 2 x 106 yr, and especially of the past 50000 yr where dating of local time series is most refined, provides a vivid portrait of continual breakup and reassortment of communities. Best known are the trees of North America: climatic changes over the last glacial-interglacial cycle brought sweeping changes in community composition and dominance patterns. Species did not move as cohesive assemblages but individualistically, and pollen records provide clear evidence for communities with no modern analogs, as well as for the recent assembly of the associations found today (reviews by Birks 1993, T. Webb 1993). For example, the modern boreal forest dominated by spruce and birch formed only -6000 yr ago, and from 18 000 to 12 000 yr ago spruce grew in association with sedges in a parkland setting; Overpeck et al. (1992) The fluid nature of communities and the extensive occurrence of communities with no modern analogs have been attributed to two factors, which need not be mutually exclusive: (1) climatic conditions unlike those of the present day (e.g., different combinations of precipitation, evapotranspiration, and temperatures), and (2) differential migration rates among community members in the face of rapid climatic change. Depending on the time scale involved, evidence exists for both arguments, often termed the dynamic equilibrium and disequilibrium hypotheses, respectively. Migration lags are likely on the century time scale, but at the 103-yr time scale seem to be less important. Thus, quantitative changes in floral composition through a series of 3000-yr time slices can be accurately modeled in terms of species-specific tracking of climatic changes without reference to migration lags; furthermore, major occurrences of floras that lack modern analogs do not coincide well with times of maximum rates of vegetation change (e.g., Overpeck et al. 1992 
Large-scale patterns
Individualistic behavior of species and higher taxa can also be detected in the fossil record over larger scales of 106-107 yr, but the situation is more complicated because this time frame encompasses a broad spectrum of both environmental and biotic changes. For mid-Paleozoic marine invertebrates of 350 X 106 yr ago, benthic communities and regional faunas persist for 5-10 X 106 yr with rather limited species loss and introduction (65-80% species persistence), with new species tending to be closely related to coexistent or earlier community members; abrupt and extensive turnovers occur in concert with major environmental changes (Brett and Baird 1995) . DiMichele (1994) discusses similar patterns in tropical Carboniferous floras. Boucot (1990) has argued that a pattern of community stasis and reorganization is the rule over even longer time spans, for which he names "ecologic-evolutionary units."
These temporal patterns have been interpreted as standing in stark contrast to those described above for the late Cenozoic, with Paleozoic marine and terrestrial communities permitted by milder environmental fluctuations to become more tightly integrated. This hypothesized integration has been invoked, in turn, as the basic mechanism behind the evolutionary stasis seen in so many fossil species (e.g., Hoffman 1978 Regarding mechanisms for temporal stability, Jackson (1994b) suggests that the major climatic changes that drive biotic turnovers might also impose a filter favoring eurythermal species; these would then persist, because their limits are not exceeded, over subsequent climatic oscillations (see also Stanley 1986 ). The contention that replacements occur mainly along phylogenetic lines also needs rigorous analysis; Aberhan (1993), who finds most replacements in the early Mesozoic to involve unrelated ecological equivalents, suggests that such lineage-bound patterns, when they occur, reflect biogeographic rather than community-based constraints.
Evolutionary faunas and floras at the global scale
At very large time scales of 108 yr, communities appear to combine into yet larger units: evolutionary faunas and floras (Sepkoski 1991a (Sepkoski , 1992 when the Paleozoic fauna diversifies and becomes dominant in shelf environments (see Sepkoski 1991b Sepkoski , 1992 . Also during the Ordovician, the early members of the Modern fauna rise to dominance in very shallow habitats, then slowly expand into the shelf zone through the remainder of the Paleozoic (and also into deeper, off-shelf environments by the mid-Paleozoic). The endPermian mass extinction eradicated communities dominated by elements of the Paleozoic fauna, and the Mesozoic-Cenozoic fossil record shows mollusk-dominated communities in the great majority of shelf environments. However, even as late as the Cretaceous, outer-shelf habitats retained prominent epifaunal suspension-feeders reminiscent of the ecological modes, although not the taxa, of Paleozoic seas (Jablonski et al. 1983 ).
The preceding summary emphasizes the cohesiveness of marine evolutionary faunas, but there is ample mixing at this largest scale of analysis as well. By the Late Ordovician, for example, some bivalve-dominated communities occur in offshore environments (A.I. Miller 1988, 1989) and some nearshore communities still contain diverse trilobites (Westrop et al. 1995) ; moreover, lingulid brachiopods, remnants of the Cambrian fauna, dwell even today in tropical intertidal settings. Furthermore, the introduction of elements of the Modern Fauna in Paleozoic communities appears to be a species-by-species process rather than whole-fauna replacements when examined in detail (e.g., Bretsky and Klofak 1986). Thus, the degree of "ecological locking" within evolutionary faunas is limited. As discussed below, the interactions that might underlie the environmental patterns need not be at the level of whole evolutionary faunas or communities. Instead, the pattern and rate of change in community dominance across the shelf can be generated with numerical models that incorporate clade-specific rates of species-level evolutionary turnover and assume incumbent advantage (Sepkoski 1991b Not all paleontologists accept this generalization, however. Smith (1994), for example, has argued that apparent onshore origination of higher taxa reflects incomplete preservation and sampling of the fossil record. However, his counter-analyses lumped frequently and rarely preserved taxa, and used as a proxy for sampling a single higher taxon (the echinoid order Calycina) that only arose in the younger part of the study interval and thus provided an inadequate control (see Jablonski and Bottjer 1991). Thus, Smith's arguments are open to question.
Higher taxa appear to originate preferentially not only in certain habitats along environmental gradients but also in certain latitudinal belts. For post-Paleozoic invertebrates, the tropics appear to be the source of a disproportionate number of higher taxa (Jablonski 1993). At lower taxonomic levels, a strong latitudinal origination patt-ern is not obvious among marine invertebrates, but the biogeography is clearly not static (e.g., Crame 1993; and see Vermeij 1991b on the late Cenozoic assembly of today's North Atlantic marine fauna).
POSITIVE AND NEGATIVE INTERACTIONS
Despite the individualistic behavior of species and clades across a spectrum of spatial and temporal scales, the fossil record does suggest that biotic interactions influence some large-scale ecological and evolutionary patterns. However, these interactions appear to be more diffuse and protracted than those generally studied or invoked by community ecologists, and many former instances of biotic interaction have been subject to reinterpretion in recent years. Thus, intertaxon patterns from the fossil record have interesting implications for how ecological processes can shape biotas on time scales >106 yr.
Coevolution
The loose and dynamic organization of communities seen over geologic time scales raises intriguing questions on the nature of coevolution (e.g., reciprocal evolutionary responses between predator and prey). Some long-held scenarios of ecological interaction have not withstood closer scrutiny. For example, fast-running, long-legged ungulates evolved some 20 x 106 yr before the appearance of the pursuit carnivores that were supposed to engage them in a coevolutionary arms race through the Cenozoic (Janis and Wilhelm 1993, Janis 1996); the high-mobility herbivore morphologies, instead, were probably related to reduction of locomotory costs in the increasingly open grassland habitats resulting from late Cenozoic climatic changes. Similarly, the expansion of the artiodactyls and decline of the perissodactyls in the late Cenozoic appear to have been mediated by climatic and resulting vegetational changes rather than by direct competition (Janis 1989). On a broader time scale, the diversity of insect mouthpart types, often regarded as part of a coevolutionary response to the diversification of angiosperms, was mostly in place well before the initial radiation of flowering plants (Labandeira and Sepkoski 1993) . Even the radiation of the major phytophagous lepidopteran clades, today seemingly so ciosely linked to the angiosperms, probably occurred no later than the Late Jurassic on a gymnosperm-dominated flora (Labandeira et al. 1994) .
Close biological ties do exist in nature, but the evolutionary dynamics behind the match of, for example, fig with fig-wasp are unclear, as are implications for the history of communities and clades. The fossil record suggests that such relationships can be established rapidly (on the order of 103 yr), and more fortuitously than generally assumed. Much apparent precision could arise by interaction with a series of ecologically similar but phylogenetically diverse, and biogeographically labile, partners or enemies (e.g., Futuyma 1986). Thus, phytophagous insects have tended to be conservative in their affiliation with a host taxon, but detailed phylogenies usually show only weak correspondence between insects and hosts (Farrell and Mitter 1994). Similarly, host-specific pairings of marine herbivores and plants have repeatedly arisen in the course of invasion by one member or the other of the association during the Pliocene or later, suggesting opportunism rather than prolonged coevolutionary specialization as an important pathway (Vermeij 1992) . Intimate biological associations between extant species are thus not strong evidence for the stability of their communities.
Escalation
The fossil record still suggests that diffuse interactions have profoundly affected at least some portions of biotas over very long time scales. The most striking examples have been grouped by Vermeij (1987 Vermeij ( , 1994 under the hypothesis of escalation, which holds that biological hazards have become increasingly severe over geologic time, with selection imposed by enemies (predators, competitors, and dangerous prey) driving long-term evolutionary trends in morphology, ecology, and behavior. For example, the diversification of shellcrushing predators among marine benthos during the late Mesozoic and into the Cenozoic was accompanied by an increase in antipredatory morphologies in bivalves, gastropods, and perhaps shelled cephalopods, as well as an increase in the frequency of repaired shell damage in gastropods (Vermeij 1987) . Over roughly the same interval, communities with abundant stalked crinoids, ophiuroids, articulate brachiopods, or reclining bivalves disappeared from soft-bottom shelf habitats (Fig. 2) . The increasing infaunalization in postPaleozoic oceans has also been attributed both to the rise of predators and to increases in burrowing intensity (see Vermeij 1987 , Aronson 1992 , Bambach 1993 .
These sorts of interactions have been termed diffuse coevolution (e.g., Futuyma 1986), but Vermeij (1994) argues that escalation need not entail a reciprocal evolutionary race between predators and prey. Furthermore, when viewed on a global scale, at least some of the antipredatory shifts in morphology arise through increases in among-species variance rather than as unidirectional trends (e.g., D. J. Miller 1993 on muricid gastropods). Roy's (1994) analysis of aporrhaid gastropods does suggest a shift in modal morphology, but this occurs by differential origination within a broad distribution established early in the history of the group and not as a simple trend.
One unexplored area in the paleobiological analysis of large-scale biotic interactions is the extent to which global diversity patterns mirror ecological dominance. In the best studied example, cheilostome bryozoans, which arose in the mid-Mesozoic, today tend to outcompete the more ancient cyclostome bryozoans, but this ecological relationship did not give rise to reciprocal diversity patterns through time. On a global scale, cheilostomes became dominant on a percentage basis without any absolute decline in the number of cyclostome families or species (Lidgard et al. 1993 ). These and a few other studies suggest that replacements among major groups may sometimes be played out in terms of abundances without exact parallels in taxonomic diversity patterns; more analyses incorporating both kinds of data are sorely needed (Vermeij 1987 Precise mechanisms thus remain unclear for the broad, multiclade patterns that unfolded over tens of millions of years to give rise collectively to the Mesozoic Marine Revolution. Despite the variable dynamics noted above, Vermeij (1987 Vermeij ( , 1994 and Aronson (1992) emphasize the efficacy of phyletic responses and the long-term ecological consequences of short-term interactions. Allmon (1994) , taking a more punctuational view, speculates that escalation is shaped by differential speciation rates among variously armored species within a clade (see also Roy 1994) . Differential extinction of less escalated taxa is intuitively appealing but has rarely been documented. Vermeij (1987 Vermeij ( , 1994 actually argues that the kinds of interactions that drive escalation are unlikely to result in extinction; less derived forms will instead become restricted "to environments where energy availability is low and where enemies are few in number and of small effect" (see also Bambach 1993 ). Thus, the biogeographic and environmental histories of taxa that anchor the less escalated portion of a clade's morphologic range should be of considerable interest as phylogenetic analyses become increasingly available. 
Steady-state diversity
The most intriguing evidence that biotic interactions may have a role in the long-term structuring of communities involves steady states in taxonomic diversity at both local and global levels. Global numbers of skeletalized marine families and genera exhibit a 200 x 106 yr plateau during the Paleozoic (e.g., Sepkoski 1991a Sepkoski , 1992 Sepkoski , 1994 (Fig. 1) . This plateau was punctuated at least twice by major mass extinctions that were followed by rapid rediversifications ("rebounds") that ceased when previous diversity levels had been reached (Sepkoski 1991a (Sepkoski , 1992 We are only beginning to understand which aspects of ecological structure are stable over geologic time scales, and thus transcend the fluid associations that we ordinarily term communities. A portrait is beginning to emerge of how these major attributes of ecological associations have themselves changed through time and how this has been driven not only by climate but also by the evolution of constituent taxa. We have argued that ecological interactions are important but need not be played out on the temporal and spatial scales generally studied by ecologists. Any community is a dynamic composite of widely and narrowly distributed taxa, so that the strength and persistence of interactions must depend on the respective biodistributional attributes of participant taxa (geography, bathymetry, altitude, etc.) and how they change through time; such questions and many others can be addressed directly using the fossil record.
Evolution certainly does occur within a biotic context, and the ecological attributes of organisms demonstrably affect evolutionary patterns (e.g., Vermeij 1987, Stanley 1990, Jablonski 1991 , Allmon 1994 , Van Valen 1994 . A new "evolutionary paleoecology" is emerging that entails a host of new approaches to the analysis of large-scale patterns in both time and space. The historical perspective is of more than academic interest as conservation issues become increasingly urgent. As Jackson (1992:727) states, "it is essential to know what we are trying to conserve," and the fossil record provides direct evidence on how communities and taxa respond to changes in climatic and other environmental variables (e.g., Jablonski 1991 , Graham 1992 , Coope 1995 . Management policies can be informed by our growing understanding of the behavior of species and their associations across a hierarchy of spatial and temporal scales. Uniformitarian doctrine notwithstanding, the past is the key to the present, and to the future as well.
